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ABSTRACT
Context. Galaxies with H2O megamaser disks are active galaxies in whose edge-on accretion disks 22 GHz H2O maser emission has
been detected. Because their geometry is known, they provide a unique view into the properties of active galactic nuclei.
Aims. The goal of this work is to investigate the nuclear environment of galaxies with H2O maser disks and to relate the maser and
host galaxy properties to those of the radio continuum emission of the galaxy.
Methods. The 33 GHz (9 mm) radio continuum properties of 24 galaxies with reported 22 GHz H2O maser emission from their disks
are studied in the context of the multiwavelength view of these sources. The 29–37 GHz Ka-band observations are made with the
Jansky Very Large Array in B, CnB, or BnA configurations, achieving a resolution of ∼ 0.2 - 0.5 arcseconds. Hard X-ray data from the
Swift /BAT survey and 22 µm infrared data from WISE, 22 GHz H2O maser data and 1.4 GHz data from NVSS and FIRST surveys
are also included in the analysis.
Results. Eighty-seven percent (21 out of 24) galaxies in our sample show 33 GHz radio continuum emission at levels of 4.5 – 240σ.
Five sources show extended emission (deconvolved source size larger than 2.5 times the major axis of the beam), including one
source with two main components and one with three main components. The remaining detected 16 sources (and also some of the
above-mentioned targets) exhibit compact cores within the sensitivity limits. Little evidence is found for extended jets (>300 pc)
in most sources. Either they do not exist, or our chosen frequency of 33 GHz is too high for a detection of these supposedly steep
spectrum features. In only one source among those with known maser disk orientation, NGC 4388, did we find an extended jet-like
feature that appears to be oriented perpendicular to the H2O megamaser disk. NGC 2273 is another candidate whose radio continuum
source might be elongated perpendicular to the maser disk. Smaller 100–300 pc sized jets might also be present, as is suggested by
the beam-deconvolved morphology of our sources. Whenever possible, central positions with accuracies of 20-280 mas are provided.
A correlation analysis shows that the 33 GHz luminosity weakly correlates with the infrared luminosity. The 33 GHz luminosity is
anticorrelated with the circular velocity of the galaxy. The black hole masses show stronger correlations with H2O maser luminosity
than with 1.4 GHz, 33 GHz, or hard X-ray luminosities. Furthermore, the inner radii of the disks show stronger correlations with
1.4 GHz, 33 GHz, and hard X-ray luminosities than their outer radii, suggesting that the outer radii may be affected by disk warping,
star formation, or peculiar density distributions.
Key words. Galaxies: active – Galaxies: ISM – Galaxies: jets – Galaxies: nuclei - Galaxies: Seyfert – Radio continuum: galaxies
? Member of the International Max Planck Research School (IM-
PRS) for Astronomy and Astrophysics at the Universities of Bonn and
Cologne.
1. Introduction
In 1969, the 22 GHz (λ ∼ 1.4 cm) H2O maser line that is emit-
ted from the water vapor 616-523 rotational transition was de-
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tected for the first time in the Milky Way (Cheung et al. 1969).
Since then, this interesting phenomenon has been investigated in
a variety of relevant astrophysical environments, also including
sources far outside the Milky Way (e.g., Impellizzeri et al. 2008).
One highlight was the discovery of high-velocity H2O maser
emission in the nucleus of NGC 4258, offset by ± 1000 km s−1
from their host galaxy in systemic velocity (e.g., Nakai et al.
1993; Miyoshi et al. 1995; Herrnstein et al. 1999). This led to
the discovery of so-called disk masers, which trace subparsec
edge-on Keplerian disks that surround supermassive black holes
(SMBHs). Later on, the Keplerian motion was used to determine
the SMBH masses and direct angular diameter distances. The
distance measurement to NGC 4258 is not only independent of
the traditional distance ladder, but is also among the most accu-
rate in extragalactic space (Herrnstein et al. 1999; Humphreys
et al. 2013). The importance of such direct geometrical extra-
galactic distance measurements provided the motivation to carry
out surveys for finding more H2O maser disks (e.g., Braatz et al.
2004).
The high accuracy of distances obtained from this method
can reduce uncertainties in the Hubble constant. With this idea
in mind, the Megamaser Cosmology Project (MCP) was initi-
ated, with the purpose of measuring the Hubble constant with
3% accuracy. In the framework of the MCP, thousands of galax-
ies have been searched for H2O megamaser1 emission. To date,
about 160 galaxies with H2O megamaser emission are known,
39 of which are disk-maser candidates2 (32 “clean” disk masers,
where “clean” means that the maser emission arises from an
edge-on Keplerian disk that dominates other emission from nu-
clear jets or outflows, see Pesce et al. 2015). While the number
of disk masers is low, (∼1 % of local Seyfert 2s and low ioniza-
tion nuclear emission region (LINER) galaxies, see, e.g., Van
den Bosch et al. 2016, and references therein), their unique ge-
ometrical properties, such as an edge-on disk with a putative jet
in the plane of the sky, provide motivation to investigate the host
galaxies of these H2O megamaser disks in more detail in order to
better understand their nuclear environment. Investigating the ra-
dio continuum of these galaxies can reveal emission from inside
the maser disks as well as jets or outflows in the vicinity of the
central black hole. By definition, these galaxies are particularly
suited for studying the accretion disk–jet paradigm under ex-
tremely well-defined boundary conditions, including the knowl-
edge of distance, inclination of the accretion disk, and mass of
the SMBH.
Here, we present radio continuum data observed at a fre-
quency range centered at 33 GHz (9 mm wavelength) from 24
such disk-maser sources, obtained with the Karl Jansky Very
Large Array (VLA)3. The purpose of our investigations is to
compare the geometry and luminosity of the parsec-scale maser
disk with nuclear radio continuum properties, as well as to probe
these galaxies for large-scale (kpc scale) radio jets. Resolving
structure at kpc scale requires an angular resolution of 0.2-0.5
arcseconds at the distances of our sources. To achieve this res-
olution, we chose the Ka band of the higher frequency bands,
which uses frequencies not too far from the 22 GHz H2O maser
line (to obtain a realistic idea of the radio continuum distribution
1 Extragalactic masers are about a million times more luminous than
many Galactic masers, hence they are called megamasers.
2 See the MCP webpage: https://safe.nrao.edu/wiki/bin/
view/Main/MegamaserCosmologyProject
3 The Karl Jansky Very Large Array (VLA) is a facility of the Na-
tional Radio Astronomy Observatory (NRAO), which is operated by
the associated universities, Inc., under a cooperative agreement with the
National Science Foundation (NSF).
and intensity near the frequency of the H2O maser). At the same
time, this band minimizes the atmospheric attenuation (which
may be stronger at 22 GHz).
This paper is organized in the following way: in Sect. 2 we
introduce our sample, and in Sect. 3 we describe the data and
data reduction. In Sect. 4 the 33 GHz continuum maps are pre-
sented, followed by analysis and discussion in Sect. 5. A sum-
mary is given in Sect. 6.
2. Sample
A total of 39 H2O disk-maser candidates were identified, mostly
by the MCP, until February 2016. We initially selected 30 H2O
disk-maser candidates from those that were known in August
2013. Of this sample, 24 galaxies (see Table 1) were observed,
with declination (Dec) > –30 ◦ and right ascension (R.A.) from
0h to 17h. Four H2O disk-maser candidates with Dec < –30 ◦ are
not suitable for observation with the VLA. Two more northern
galaxies, NGC 4258 and NGC 1068, have been well studied in
the past (e.g., Herrnstein et al. 1998; Gallimore et al. 2001) and
were therefore also not included in our sample.
Three of the 24 observed galaxies have been monitored
with the goal of measuring the Hubble constant (UGC 3789:
Braatz et al. 2010, Reid et al. 2013; IC 2560: Wagner et al.,
in prep.; Mrk 1419: Impellizzeri et al., in prep.), and 13 maser
disks were used to measure the SMBH mass (MSMBH, see
Kuo et al. 2011; Braatz et al. 2015a; Gao et al. 2017). As
mentioned before, the distances measured by the MCP are
among the most accurate measurements, but they are only avail-
able for three sources in our sample. Therefore we adopted
the distances from the NASA/IPAC Extragalactic Database
(NED)4 , which are sufficiently accurate for our purposes.
The NED distances were obtained using H0=70.0 km s−1 Mpc−1,
Ωmatter=0.27, and Ωvacuum=0.73 as cosmological parameters.
H2O maser luminosities from the literature were also rescaled
to H0=70.0 km s−1 Mpc−1 to be consistent with other luminosi-
ties in this work.
3. Data and data reduction
3.1. 33GHz observations and data reduction
Our sample of disk-maser galaxies was observed by the VLA in
Ka band (26.5-40.0 GHz) in B, CnB, or BnA configurations us-
ing a phase-referencing mode (proposal code: VLA/13B-340).
Synthesized full-width at half-maximum (FWHM) beam sizes
ranged from 0.19 to 0.50 arcseconds. We used a total bandwidth
of 8 GHz (4×2 GHz, from 29 GHz to 37 GHz), full polariza-
tion, and 3-bit sampling. The sources were grouped into 12 sets
of pairs for observation, with a total time of one hour per pair
and an integration time of ∼10 minutes on source per target.
Table 1 indicates the J2000 coordinates, amplitude, phase, and
bandpass calibrators. The data were calibrated with the NRAO
VLA calibration pipeline, using standard procedures of the Com-
mon Astronomy Software Applications (CASA)5 package (see
McMullin et al. 2007). These standard procedures include radio
frequency interference flagging, deterministic flagging (e.g., on-
line flags, end channels), opacity and antenna corrections, and
bandpass, amplitude and phase calibrations. The majority of
our sources was not bright enough for self-calibration (∼1 mJy,
4 https://ned.ipac.caltech.edu/
5 http://casa.nrao.edu/
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Table 1: VLA observations
Galaxy R.A. Dec. Bandpass Amplitude and R.A. δR.A. Dec. δDec.
J2000 calibrator phase calibrator J2000 J2000
(arcsec) (arcsec)
ESO558-G009 07:04:21.02 –21:35:19.2 3C147 J0731-2341 07:04:21.01 0.06 -21:35:19.03 0.05
IC 0485/ UGC 4156 08:00:19.77 +26:42:05.2 3C147 J0748+2400 ... ... ... ...
IC 2560 10:16:18.72 –33:33:49.7 3C286 J1018-3144 10:16:18.71 0.16 -33:33:49.60 0.16
J0126-0417 01:26:01.66 –04:17:56.2 3C48 J0115-0127 01:26:01.64 0.04 -04:17:56.23 0.04
J0350-0127 03:50:00.35 –01:27:57.7 3C147 J0339-0146 03:50:00.35 0.15 -01:27:57.40 0.15
J0437+2456 04:37:03.69 +24:56:06.9 3C147 J0426+2327 ... ... ... ...
J0437+6637 04:37:08.26 +66:37:42.3 3C147 J0449+6332 04:37:08.28 0.12 +66:37:42.10 0.12
J0836+3327 08:36:22.80 +33:27:38.7 3C286 J0827+3525 ... ... ... ...
J1658+3923 16:58:15.50 +39:23:29.3 3C48 J1653+3945 16:58:15.54 0.22 +39:23:29.27 0.20
Mrk 0001/NGC 0449 01:16:07.25 +33:05:22.4 3C48 J0112+3208 01:16:07.20 0.02 +33:05:21.75 0.02
Mrk 0078 07:42:41.73 +65:10:37.5 3C286 J0805+6144 07:42:41.73 0.03 +65:10:37.39 0.03
Mrk 1029 02:17:03.57 +05:17:31.4 3C48 J0224+0659 02:17:03.57 0.18 +05:17:31.15 0.18
Mrk 1210/Phoenix 08:04:05.86 +05:06:49.8 3C147 J0811+0146 08:04:05.86 0.03 +05:06:49.83 0.03
Mrk 1419/NGC 2960 09:40:36.38 +03:34:37.2 3C147 J0948+0022 09:40:36.38 0.14 +03:34:37.36 0.13
NGC 0591/Mrk 1157 01:33:31.27 +35:40:05.7 3C48 J0148+3854 01:33:31.23 0.10 +35:40:05.79 0.11
NGC 1194 03:03:49.11 –01:06:13.5 3C48 J0312+0133 03:03:49.11 0.03 -01:06:13.48 0.03
NGC 2273 06:50:08.66 +60:50:44.9 3C147 J0650+6001 06:50:08.69 0.28 +60:50:45.10 0.27
NGC 2979 09:43:08.65 –10:22:59.7 3C286 J0943-0819 09:43:08.64 0.04 -10:23:00.02 0.04
NGC 3393 10:48:23.46 –25:09:43.4 3C286 J1037-2934 10:48:23.46 0.03 -25:09:43.44 0.03
NGC 4388 12:25:46.75 +12:39:43.5 3C286 J1218+1105 12:25:46.78 0.02 +12:39:43.77 0.02
NGC 5495 14:12:23.35 –27:06:28.9 3C286 J1409-2657 14:12:23.35 0.05 -27:06:29.14 0.06
NGC 5728 14:42:23.90 –17:15:11.1 3C286 J1439-1659 14:42:23.89 1.00 -17:15:10.76 1.00
UGC 3193 04:52:52.58 +03:03:25.9 3C147 J0503+0203 04:52:52.56 0.11 +03:03:25.52 0.29
UGC 3789 07:19:30.92 +59:21:18.4 3C147 J0728+5701 07:19:30.95 0.08 +59:21:18.37 0.08
Notes. Column 1: name of galaxy. Column 2: J2000 NED right ascension. Column 3: J2000 NED declination. Column 4: bandpass calibrator. Column 5: amplitude
and phase calibrators (these are the same for each object). Column 6 and 7: J2000 right ascension determined from our radio maps and their uncertainties. Column
8 and 9: J2000 declination determined from our radio maps and their uncertainties.
see Table 2). However, for Mrk 1210, phase and amplitude self-
calibration could be performed, which resulted in an improve-
ment of the quality of its radio map. For imaging, the CLEAN
algorithm with natural weighting was used. The latter is chosen
to maximize the chance of detecting weak compact or slightly
extended sources and is hence optimal for detection projects.
3.2. Complementary data
For further analysis and investigation we obtained from the liter-
ature 1.4 GHz radio data from the NVSS6 (Condon et al. 1998),
1.4 GHz data from the FIRST7 survey (Becker et al. 1995),
and hard X-ray data from the Swift /BAT satellite in a range
of 20-100 keV (Litzinger et al., in prep.), as well as 22 µm
(W4) infrared WISE8 data (Wright et al. 2010). Seventeen of
the 24 galaxies in our sample were detected with the NVSS, 8
with FIRST, 13 with Swift /BAT, and all 24 with WISE. From
radio and X-ray data, the luminosities were calculated using
L = 4 piD2 F, where F stands for flux and D for distance.
The infrared luminosities were calculated using log (L/L) =
(M,W4 − MW4)/2.5, where L is the bolometric luminosity of
the Sun, M,W4 is the absolute magnitude of the Sun in WISE
W4 band, and MW4 is the absolute magnitude of our sources in
this band.
6 NRAO VLA Sky Survey, http://www.cv.nrao.edu/nvss/
7 Faint Images of the Radio Sky at Twenty-cm, http://sundog.
stsci.edu/
8 Wide-Field Infrared Survey Explorer (WISE). See http://wise.
ssl.berkeley.edu/
4. Results
4.1. Sample
In this section we present the 33 GHz radio maps for all observed
sources, centered at their NED positions, as well as a table of
derived source properties. Important in this context is that our
linear resolution in pc for a 0.2′′ beam size is close to the dis-
tance of the galaxies measured in units of Mpc, that is, (linear
resolution / pc) ≈ (D /Mpc). Therefore, our beam typically cov-
ers ∼100 pc, but with large deviations to either side. This implies
that even the central beam contains not only a galaxy’s very cen-
ter, but also the surrounding environment, which may contain
star-forming regions and supernova remnants that also contribute
to activity and radio continuum emission.
Figure 1 presents the 33 GHz contour maps for our sam-
ple, where the contour levels are ±3, ±6, ±12, ±24 times the
root-mean-square noise (rms) of an emission-free field in the
CLEANed image (see Table 2 for the sensitivities). Since our de-
tection limit is 4.5σ, a contour level of this value is also shown
in Fig. 1 (in blue), to facilitate distinguishing between a weakly
detected source and an undetected source. Figure 1 clearly shows
the large number of sources exhibiting a compact core with-
out much additional structure. While our classification depends
on limited signal-to-noise ratios and is thus sometimes debat-
able, we count 16 such compact sources, where “compact” used
here and in the following denotes a beam-convolved (and de-
convolved) major axis smaller than 2.5 times the beam major
axis. One source shows two main components, another source
three main components, and three other sources exhibit extended
emission. We note that the sources with two or three main com-
ponents also contain compact cores, as do some of the extended
sources.
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Table 2: Sample properties.
Galaxy Distance 33 GHz flux rms NVSS flux FIRST flux IR magnitude hard X-ray flux log LH2O Type of
(Mpc) (mJy) (µJy/beam) (mJy) (mJy) (10−11erg s−1 cm−2) (L) activity
ESO558-G009 112.2 ± 7.9 0.80 ± 0.04 18.6 12.8±0.6 ... 8.793 <0.34 2.9 U
IC 0485 122.0 ± 8.5 ... 18.9 ... 3.01 9.406 1.75 +0.19−0.18 3.1 U
IC 2560 46.4 ± 3.3 2.00 ± 0.10 17.3 32.0±1.7 ... 9.294 0.41+0.12−0.13 2.1 Sy2
J0126-0417 76.2 ± 5.4 0.13 ± 0.01 9.9 ... ... 8.930 <0.34 2.1 U
J0350-0127 174.2 ± 12.2 0.14 ± 0.02 12.0 ... ... 8.529 0.45+0.17−0.16 3.7 U
J0437+2456 68.1 ± 4.8 ... 17.7 ... ... 9.024 <0.41 2.3 U
J0437+6637 52.9 ± 3.7 0.11 ± 0.02 16.8 3.8±0.6 ... 8.934 0.29±0.14 1.4 U
J0836+3327 214.6 ± 15.0 ... 30.9 ... 1.95 9.145±0.459 <0.33 3.6 Sy2
J1658+3923 146.8 ± 10.3 0.18 ± 0.04 13.4 ... 3.64 9.513 <0.30 2.9 Sy2
Mrk 0001 64.2 ± 4.5 3.96 ± 0.12 10.8 75.9 ± 2.3 ... 9.105 <0.32 1.9 Sy2
Mrk 0078 159.9 ± 11.2 1.75 ± 0.11 13.7 36.9±1.2 ... 8.975 0.63 ± 0.18 1.6 Sy2
Mrk 1029 126.0 ± 8.8 1.18 ± 0.14 17.7 11.9±0.6 8.12 8.799 <0.35 2.8 U
Mrk 1210 61.3 ± 4.3 9.58 ± 0.08 17.9 114.9±3.5 ... 8.523 3.58±0.20 2.0 Sy2, Sy1
Mrk 1419 75.3 ± 5.3 0.36 ± 0.06 16.0 7.4 ±0.5 5.13 8.790 <0.34 2.7 LINER
NGC 0591 61.1 ± 4.3 1.52 ± 0.07 13.6 33.3±1.1 ... 8.566 0.37+0.12−0.11 1.5 Sy2
NGC 1194 55.4 ± 3.9 1.08 ± 0.04 13.0 ... 1.49 8.807 2.21±0.18 2.8 Sy 1.9
NGC 2273 26.8 ± 1.9 2.69 ± 0.29 26.3 63.4±2.4 ... 9.734±0.511 0.67 ± 0.16 0.9 Sy2
NGC 2979 43.8 ± 3.1 0.36 ± 0.04 14.0 15.7±1.0 ... 9.158 <0.36 2.2 Sy2
NGC 3393 58.6 ± 4.1 5.30 ± 0.36 18.5 81.5±3.3 ... 8.846 1.56±0.19 2.7 Sy2
NGC 4388 40.8 ± 2.9 8.57 ± 0.43 17.9 120.4±4.7 45.02 8.814 15.81+0.16−0.15 1.2 Sy2
NGC 5495 99.8 ± 7.0 0.13 ± 0.02 15.4 12.5± 1.3 ... 9.301 <0.40 2.4 Sy2
NGC 5728 43.3 ± 3.1 2.27 ± 0.06 28.1 70.8±2.9 ... 9.126 5.20±0.20 2.0 Sy2
UGC 3193 63.2 ± 4.4 3.95 ± 0.27 14.4 17.7±0.7 ... 8.942 <0.39 2.5 U
UGC 3789 47.4 ± 3.3 0.21 ± 0.02 14.9 17.6± 1.0 14.43 8.326±0.142 0.26+0.14−0.13 2.7 Sy2
Notes. Column 1: name of galaxy. Column 2: Hubble flow distances (relative to the 3 K CMB), assuming H0=70 km s−1 Mpc−1 (see Sect. 2). Column 3: 33 GHz
integrated flux densities with uncertainties. The errors given in those cases are formal values and do not show the real level of uncertainty. Column 4: root mean
square noise level of the clean image. Column 5: NVSS integrated flux. Column 6: FIRST integrated flux. Column 7: IR (WISE, W 4) magnitude. In our analysis,
a 10% uncertainty on the magnitude is assumed for those cases where the uncertainty is not given in the literature. Column 8: Swift /BAT hard X-ray fluxes
(20-100 keV) with uncertainties (Litzinger et al., in prep). Column 9: logarithm of water maser luminosity (isotropy assumed) (Zhang et al. 2012, modified for
H0=70 km s−1 Mpc−1). In our analysis, 10% uncertainty on the luminosity is assumed. Column 10: types of nuclear activity after NED; U stands for unidentified.
Only three of the 24 galaxies (IC 485, J0437+2456, and
J0836+3327) were not detected at 33 GHz at a level of 4.5σ
or higher. Two of these galaxies, IC 485 and J0836+3327, are
at relatively large distances of 122 Mpc and 214 Mpc, respec-
tively. IC 485 was detected with a flux density of 3.01 mJy, and
J0836+3327 with 1.95 mJy by FIRST. Adopting a mean spec-
tral index of 0.73 obtained in this work (Sect. 5.2) between
FIRST 1.4 GHz and our 33 GHz observations 9, flux densities of
∼0.30 mJy and ∼0.19 mJy are expected to be observed at 33 GHz
for IC 485 and J0836+3327, respectively. These flux densities
are still higher than our 4.5σ detection threshold. Therefore,
these sources may have spectral indices steeper than 1.0. The
third source, J0437+2456, is closer (68 Mpc), but remained un-
detected by both NVSS and FIRST.
With 21 galaxies detected at Ka band (29-37 GHz), 87% of
the galaxies in our sample show radio emission at levels of 4.5σ
to 240σ. The 33 GHz continuum luminosity distribution is pre-
sented in Fig. 2.
Furthermore, our 33 GHz maps have improved the accuracy
of the central coordinates of some galaxies in our sample. We
identify the compact radio sources as the galactic nuclei. Af-
ter fitting two-dimensional Gaussians (in the image domain) on
the central component, the central position of the Gaussian fit
is adopted as the new position of the center of the respective
galaxy. These new radio coordinates and their uncertainties are
presented in Table 1. Our position uncertainties take into account
9 Assuming a power-law dependence for the continuum flux density
given by S ∝ ν−α, see Sect. 5.2.
statistical uncertainty, the uncertainty of the phase calibrator po-
sition, and systematic uncertainties. The systematic uncertainty
was approximated from (B2 + Ψ2)1/2 × (1/SNR + 1/20), where
B is the beam size, Ψ is the source major axis, and SNR is the
signal-to-noise ratio of the map (for more details see White et al.
1997). For 10 galaxies in our sample, interferometrically deter-
mined coordinates from the maser emission are also available
(Kondratko et al. 2006a, 2008; Kuo et al. 2011; Gao et al. 2017).
The central positions obtained in this work and those obtained
from maser emission deviate on average by 121 ± 107 mas (mil-
liarcseconds) and are mostly in agreement within the limits pro-
vided by beam size and signal-to-noise ratio (S/Ns). See Table 3
for a comparison of our determined positions and the H2O maser
positions. Noteworthy deviations beyond the 3σ level are found
for ESO 0558–G009, NGC 1194, Mrk 1419, and NGC 4388, all
sources where at least slightly extended emission is found in our
continuum data. For two sources, Mrk 1029 and NGC 5495, our
coordinates have lower uncertainties than those of the maser po-
sitions.
In Tables 2 and 4 we list the derived properties of the sources.
Flux density and position angle (P.A.) have been determined by
two-dimensional Gaussian model fitting on a region containing
all the significant emission. For sources with more complex radio
morphologies, multiple Gaussians were fitted in order to have a
better estimate of the fluxes (NGC 0591, NGC 3393, NGC 4388,
UGC 3193). In what follows we mention some relevant proper-
ties of these galaxies such as their morphology, activity type, or
other interesting features that are discussed in the literature to-
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gether with some basic properties that can be extracted from our
maps. Statistical properties are discussed in Sect. 5.
4.2. Individual sources
ESO558-G009 is an Sbc galaxy. The MCP reported rapid intra-
day variability in the maser spectrum, which was interpreted as
the result of interstellar scintillation (Pesce et al. 2015). Com-
pact radio emission is observed in our 33 GHz map. A two-
dimensional Gaussian fit (Table 4) provides a formal P.A. of
155◦±33◦. Gao et al. (2017) reported a P.A. of 256◦±2◦ (red-
shifted side, here and elsewhere) for the maser disk. While
this might indicate that the radio continuum elongation and the
maser disk are almost perpendicular (separated by 101◦±33◦),
this needs to be verified by additional mesurements.
IC 0485 is an Sa Seyfert 2 galaxy. Radio continuum emission
was not detected at 4.5σ or higher levels (but it is tentatively
detected at the 3.5σ level). As mentioned before, the galaxy is
at a relatively large distance of 120 Mpc.
IC 2560 is an SBb Seyfert 2 galaxy. Ishihara et al. (2001)
reported a J2000 22 GHz peak radio continuum position of
RA = 10h16m18.710s±0.006s and Dec = –33d33m49.74s±0.“01
(±1pc). The blueshifted maser features spatially coincide with
the 22 GHz continuum component and are interpreted as jet
maser emission (Ishihara et al. 2001). A peak and an integrated
flux density of 1.8 ± 0.3 mJy/beam and 1.7± 0.5 mJy, respec-
tively, were reported by Yamauchi et al. (2012) at 22 GHz. The
nearly edge-on Keplerian disk with a position angle of –46◦ is
almost perpendicular to the large-scale galactic disk (Ishihara
et al. 2001). This means that the rotation axis of the maser disk
and that of the large-scale galactic disk are nearly perpendicular.
Compact radio emission is observed in our 33 GHz radio map,
where the peak position agrees within the uncertainties with the
position of the 22 GHz continuum peak reported by Yamauchi
et al. (2012).
J0126-0417 has compact radio continuum emission detected
in our 33 GHz map.
J0350-0127 is a (within the errors) compact source detected
in our 33 GHz map; this most likely represents the nucleus.
The source J0437+2456 is not detected at 33 GHz.
The source J0437+6637 is detected in our 33 GHz map and
is unresolved in our Gaussian deconvolution.
J0836+3327 is a Seyfert 2 galaxy. No radio continuum was
detected at a 4.5σ or higher level in our 33 GHz map (but it is
tentatively detected at a 4σ level).
J1658+3923 is an Sc Seyfert 2 galaxy. A slightly extended
radio continuum source is observed in our map.
Mrk 0001 is an SBa Seyfert 2 spiral galaxy. Omar et al.
(2002) observed H i emission from Mrk 1 and interpreted its
morphology as due to a tidal interaction with its nearby com-
panion NGC 451. The authors also reported that the line of sight
toward the nucleus of Mrk 1 is rich in both atomic and molecu-
lar gas, or in other words, that it is heavily obscured. Compact
33 GHz radio emission is observed in our map.
Mrk 0078 is classified as an SB Seyfert 2 galaxy. The narrow
line region (NLR) of this galaxy is affected by a strong jet-gas
interaction, and spectroscopic observations have shown that its
narrow emission lines are double peaked (Sargent 1972; Adams
1973). Based on optical and 3.6 cm VLA images, Whittle & Wil-
son (2004) suggested that Mrk 78 is a post-merger system, with a
highly extended asymmetric gas distribution and a nuclear dust
lane. The radio nucleus lies within this highly obscuring dust
lane (Whittle & Wilson 2004). Slightly extended radio emission
might be detected east and west of the center of our 33 GHz map,
but the S/Ns are low, so that this source is also rated compact.
Mrk 1029 shows extended radio emission in our 33 GHz map
with a P.A. of 59◦±11◦. Gao et al. (2017) reported a P.A. of
218◦±10◦ for the maser disk. While we consider our position
angle as uncertain in spite of the low formal error, it would sug-
gest that maser disk and radio continuum have approximately the
same orientation (separation of 21◦±15◦).
Mrk 1210, also known as the Phoenix galaxy, is an amor-
phously looking spiral galaxy that has been classified as both
Seyfert 1 and Seyfert 2. Former studies have confirmed a double
structure, a core, and a southeastern jet component (Middelberg
et al. 2004). Spectroscopic findings support the presence of a nu-
clear outflow instead of a hidden broad line region (Mazzalay &
Rodríguez-Ardila 2007). A flux density of 36.28 ± 1.95 mJy at
5 GHz was reported by Xanthopoulos et al. (2010). We observe
compact emission in our 33 GHz map within the uncertainties.
Mrk 1419, also known as NGC 2960, is an Sa galaxy.
Mrk 1419 hosts a LINER nucleus. The P.A. of the maser disk
is 49◦, and the disk inner and outer radii are 0.13 pc and 0.37 pc,
respectively (Kuo et al. 2011). Sun et al. (2013) reported an ex-
tension in the 20 cm radio map at a P.A. of 125◦± 10 ◦. This
extension may suggest that a jet is launched from the central
black hole. In our 33 GHz map, the radio emission may show a
slight extension in the northwest-southeast direction, with a P.A.
of 117◦±84◦. Nevertheless, we rate the source as compact.
NGC0591 is an SB0/a Seyfert 2 galaxy. Near-infrared spec-
tral studies of stellar and gas kinematics of NGC 591 show that
the gas has two kinematic components: one is located inside the
plane of the galaxy with similar rotation to that of stellar motion,
and the other is forming an outflow that is oriented along the
radio jet directed toward the northwest from the nucleus (Riffel
& Storchi-Bergmann 2011). Our 33 GHz map shows two peaks
with a separation of ∼ 0.66 arcsec, more precisely, with an R.A.
separation of 360 mas and a Dec separation of 550 mas at a posi-
tion angle of about –34◦. The central component has a flat spec-
trum with α3630=0.54±0.44 that possibly is the radio core, while
the northwestern component is characterized by α3630=1.39±0.63.
Such a steep spectrum suggests the presence of a jet as the source
of radio emission, which is consistent with the above-mentioned
gas kinematics of NGC 591 obtained at other wavelengths.
NGC1194 is an S0-a Seyfert 1.9 galaxy. Of the galaxies with
a determined nuclear mass in our sample, this galaxy has the
most massive nuclear core, MSMBH = (6.5±0.3) × 107M (Kuo
et al. 2011). The position angle of the maser disk is 157◦ east
of north and the inclination is ∼ 85◦(Kuo et al. 2011). Compact
radio emission is detected in our 33 GHz map.
NGC2273 is an SBa Seyfert 2 galaxy. The H2O maser in
NGC 2273 is the least luminous of our sample with LH2O <
10 L. Petitpas & Wilson (2002) reported a nuclear stellar bar
with a P.A. of 45◦ that is located approximately perpendicular
to the large-scale galactic bar with a P.A. of 115◦. However, Er-
win & Sparke (2003) found evidence for a circumnuclear disk.
Greene et al. (2013) suggested the presence of an inner ring that
manifests itself as a spike in the ellipticity profile of the inclined
main galactic body at a galactocentric distance of ∼150 pc. The
dust lanes interior to the ring are most readily identified with
spiral arms. In our 33 GHz map we observe extended emission,
with a P.A. of 82.8◦± 2.8◦. The P.A. of the maser disk is 153◦
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Fig. 1: 33 GHz contour maps. The contour levels are ±3, ±6, ±12, and ±24 times the rms given in Table 2. For convenience, our
detection limit of 4.5σ is shown as a blue contour. The synthesized beam is shown in red in the lower left corner of each plot. When
available, we also plot the orientation (not the position) of the H2O maser disk.
(Kuo et al. 2011), which indicates that our radio continuum and
the maser disk are misaligned by ∼70◦.
NGC2979 is an SABa Seyfert 2 galaxy. Our 33 GHz image
shows compact radio continuum emission.
NGC3393 is an SBa Seyfert 2 galaxy. Fabbiano et al. (2011)
reported X-ray (3-8 keV) observations of this system and pro-
vided evidence for the existence of a binary black hole system.
However, deep Chandra imaging, combined with adaptive op-
tics and radio imaging (Koss et al. 2015), suggest a single heav-
ily obscured radio-bright active galactic nucleus (AGN). VLA
observations at 8.6 GHz (A configuration) have shown a system
that consists of four radio components; one at the center, one
displaced to the southwest, and two very close components to
the northeast (see Schmitt et al. 2001). In our 33 GHz observa-
tions with approximately the same synthesized beam width, we
see three components: one at the center, one toward the south-
west, and one located to the northeast. That we see not two
sources, like Schmitt et al. (2001) in the latter case, may be due to
the limited S/N of this component. Our spectral analysis shows
α3630=1.69±0.1.46 for the central component, α3630=2.66±3.2 for
the northwestern component, and α3630=0.84±0.29 for the south-
eastern component. The high uncertainty of the indices for the
central and northwestern components do not allow us to draw
a conclusion on the nature of the sources. However, an index of
0.84±0.29 for the southeastern component could be indicative of
radio emission from a jet.
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Fig. 1: (cont.)
NGC4388 is an Sb edge-on Seyfert 2 galaxy. NGC 4388 is
known to have a biconical narrow line region (Pogge 1988;
Corbin et al. 1988, Wilson et al. 1993). The maser disk has a P.A.
of 107◦ (Kuo et al. 2011). The kiloparsec-scale disk has a P.A. of
90◦ and the more nuclear stellar disk has a P.A. of 75◦ (Greene
et al. 2014). Damas-Segovia et al. (2016) reported a southern jet
with a scale of 1 kpc. Extended radio emission is observed in our
33 GHz map with a P.A. of 24◦±54◦ (Table 4). The large error in
the latter value is mainly caused by the bending of the jet, visible
in Fig. 1. Thus maser disk and the extended radio emission seen
in our data are oriented almost perpendicular to each other.
NGC5495 is an SABc Seyfert 2 galaxy. H2O maser emission
was detected by Kondratko et al. (2006b) with an orbital velocity
of ∼ 400 km s−1. Gao et al. (2017) reported a P.A. of 176◦±5◦ for
the maser disk. Compact 33 GHz emission is observed in our
map.
NGC5728 is an SBa Seyfert 2 galaxy. Similar to NGC 4388,
this galaxy is known to have a biconical narrow line region
(Pogge 1988; Corbin et al. 1988, Wilson et al. 1993). Our
33 GHz map shows compact radio continuum at the central NED
position.
UGC3193 is an SBb galaxy. Extended 33 GHz emission,
mainly oriented along an axis from north to south, is observed
together with a compact core at the center of our map.
UGC3789 is an SABa Seyfert 2 galaxy. There is optical ev-
idence for a circumnuclear disk. An inner ring is visible as a
spike in the ellipticity profile, and dust lanes are located interior
to the ring, which are most readily identified with spiral arms
(Greene et al. 2013). The well-studied maser disk traces rotation
Article number, page 8 of 18
Kamali et al.: Radio continuum of galaxies with H2O megamaser disks: 33 GHz VLA data
 UGC3789
0′′
230.0 pc
0
′′
Maser Disk 
 Orientation
7
h 19
m 31.
0
s
30.
8
s
30.
6
s
31.
2
s
31.
4
s
R.A. (2000.0)
59
◦ 21
′ 18
′′
16
′′
20
′′
De
c.
 (2
00
0.
0)
 NGC3393
0′′
284.0 pc
10
h 48
m 23.
5
s
23.
4
s
23.
3
s
23.
2
s
23.
6
s
23.
7
s
R.A. (2000.0)
−25
◦ 09
′ 44
′′
−46
′′
−42
′′
−40
′′
De
c.
 (2
00
0.
0)
 NGC4388
0′′
198.0 pc
0 ′′
Maser
 Disk 
 Orien
tation
12
h 25
m 46.
8
s
46.
7
s
46.
6
s
46.
5
s
46.
9
s
47.
0
s
R.A. (2000.0)
12
◦ 39
′ 44
′′
42
′′
40
′′
46
′′
De
c.
 (2
00
0.
0)
 NGC5495
0′′
484.0 pc
0′′
M
as
er
 D
is
k 
 O
rie
nt
at
io
n
14
h 12
m 23.
4
s
23.
3
s
23.
2
s
23.
1
s
23.
5
s
23.
6
s
R.A. (2000.0)
−27
◦ 06
′ 30
′′
−32
′′
−28
′′
−26
′′
De
c.
 (2
00
0.
0)
 NGC5728
0′′
210.0 pc
14
h 42
m 23.
9
s
23.
8
s
23.
7
s
24.
0
s
24.
1
s
R.A. (2000.0)
−17
◦ 15
′ 12
′′
−14
′′
−10
′′
−08
′′
De
c.
 (2
00
0.
0)
 UGC3193
0′′
306.0 pc
4
h 52
m 52.
6
s
52.
5
s
52.
4
s
52.
7
s
52.
8
s
R.A. (2000.0)
3
◦ 03
′ 26
′′
24
′′
22
′′
28
′′
De
c.
 (2
00
0.
0)
 UGC3789
0′′
230.0 pc
0
′′
Maser Disk 
 Orientation
7
h 19
m 31.
0
s
30.
8
s
30.
6
s
31.
2
s
31.
4
s
R.A. (2000.0)
59
◦ 21
′ 18
′′
16
′′
20
′′
De
c.
 (2
00
0.
0)
 UGC3193
0′′
306.0 pc
4
h 52
m 52.
6
s
52.
5
s
52.
4
s
52.
7
s
52.
8
s
R.A. (2000.0)
3
◦ 03
′ 26
′′
24
′′
22
′′
28
′′
De
c.
 (2
00
0.
0)
 UGC3789
0′′
230.0 pc
0
′′
Maser Disk 
 Orientation
7
h 19
m 31.
0
s
30.
8
s
30.
6
s
31.
2
s
31.
4
s
R.A. (2000.0)
59
◦ 21
′ 18
′′
16
′′
20
′′
De
c.
 (2
00
0.
0)
Fig. 1: (cont.)
speeds of up to ∼ 750 km s−1 (Braatz & Gugliucci 2008; Braatz
et al. 2010; Reid et al. 2013). The MCP has measured an angular-
diameter distance of 49.6 ± 5.1 Mpc for this galaxy (Reid et al.
2013), which is compatible with the value given in Table 1. The
P.A. of the maser disk is 41◦ east of north (Kuo et al. 2011). The
inner and outer radii of the disk are 0.08 pc and 0.30 pc, respec-
tively. UGC 3789 has a black hole mass of (1.4±0.05)× 107 M
(Kuo et al. 2011). In addition, Castangia et al. (2013) classified
UGC 3789 as a Compton-thick galaxy (NH > 1024 cm−2). Radio
emission is observed at the center of our 33 GHz map. While its
nominal P.A. is 117◦±22◦ (see Table 4), the 33 GHz radio con-
tinuum source is too compact with respect to our resolution to
discuss any potential alignments.
5. Analysis and discussion
After reviewing the individual 33 GHz maps, here we discuss
our results in more detail. First we analyze the encountered mor-
phologies and spectral indices obtained for the detected sources,
and then we discuss possible correlations between various phys-
ical quantities by addressing the galaxies and in particular their
nuclear regions. In order to do so, we applied linear fits, account-
ing for errros along both axes, and a Spearman rank correlation
test. Slopes and intercepts of the fits, correlation coefficients, and
P-values, denoting the likelihood that the parameters are unre-
lated, are shown in a corner of most plots. One purpose of this
analysis, in addition to identifying correlations, is to increase the
chance of disk-maser detections in future surveys.
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Fig. 2: 33 GHz luminosity distribution for the 21 clearly detected
targets.
5.1. 33GHz morphologies - where are the jets?
As explained in Sect. 4.1, the bulk of our 33 GHz maps con-
tain compact cores and clearly asks for higher resolution stud-
ies at lower frequencies, where higher fluxes may be expected.
Interestingly, two of the seven sources with D > 100 Mpc
(J1658+3923 and Mrk 1029) show extended emission. Perhaps
there is even a third, Mrk 78. Apparently, the linear extent of the
central emission can vary strongly, from <∼50 pc in some com-
pact nearby sources (e.g., NGC 2979) to ∼600 pc in Mrk 1029.
J0350-0127, J1658+3923, and Mrk 78 might show elongated
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structure, but the S/Ns do not permit a clear interpretation. While
some of our most distant sources show structure, the most com-
plex sources, NGC 591, NGC 3393, NGC 4388, and UGC 3193,
are with D <∼ 65 Mpc all relatively nearby. Each of them con-
tains a compact core, but additional compact sources such as
in NGC 591 and NGC 3393 indicate the presence of jets. This
also holds for the other two objects, NGC 4388 and UGC 3193,
where extended emission in the northeast and/or south has been
observed. Nevertheless, most sources only exhibit a core com-
ponent. This implies that in most of our objects jets are either
shorter than a few 100 pc, that they are still below our sensitivity
limit due to a steep radio spectrum, or that they do not exist at
all.
5.2. Spectral indices
Spectral indices can tell us more about the nature of observed
radio emission in our sample. For instance, a steep or flat spec-
tral index can be indicative of a jet or radio core, respectively.
However, measuring spectral indices for our sources has its own
challenges. Using archival data such as NVSS or FIRST, will re-
sult in misestimation of spectral indices because of the different
beam sizes, which cover different areas (even when we compare
the FIRST beam size with our 33 GHz beam size, the ratio of the
covered areas is ∼450). Additional uncertainty in our spectral
index estimation is introduced by the possible variability of the
nuclear radio emission. Radio variability in active galaxies is a
common phenomenon, especially in compact sources (Mundell
et al. 2009), which is the case for most of our targets. The vari-
ability is observed on a timescale of a few months to several
years, and there are cases where the nuclear flux density has
changed by 38% over seven years (Mundell et al. 2009). When
we consider that our observations and other observations such as
NVSS or FIRST were performed in different years (NVSS ob-
servations were conducted 16 years before our observations and
FIRST observations from 2 to 19 years before), Seyfert variabil-
ity is another source of uncertainty in our spectral index calcula-
tions.
To exclude such errors, we can calculate the spectral indices
over the wide bandwidth of the observations. For our sample,
we derived the spectral indices assuming a power-law depen-
dence for the continuum flux density given by S ∝ ν−α, using the
8 GHz (29-37 GHz) bandwidth of our observations. By splitting
the data into 4 × 2 GHz parts and imaging each sub-band sepa-
rately (with Briggs weighting and a robust parameter of 0), we
obtain the spectral indices between 30 GHz and 36 GHz (α3630)
using fluxes at the central frequencies of the sub-bands. In some
cases the S/N was too low and the source was not detected after
splitting the data. It should also be noted that the results obtained
by this method have significantly higher errors. We also obtained
α3630 from spectral index maps created by CASA when using the
task CLEAN with the number of Taylor coefficients set as 2. For
the sources where 1.4 GHz NVSS flux densities (Condon et al.
1998) or 1.4 GHz FIRST flux densities (Becker et al. 1995) were
available (Table 2 and 4), the indices were also obtained between
1.4 GHz and 33 GHz.
α3630 obtained from CASA, based on 21 sources, has an
unweighted mean value of 0.68±0.28, while for the splitting
method we obtained α3630 for 16 sources with an unweighted mean
value of 0.79±0.32. For 17 sources the indices were obtained
from NVSS and 33 GHz (from now on called α331.4,NVSS ), with a
mean (unweighted) value of 0.97±0.06. For the seven galaxies
with measured indices between FIRST and 33 GHz (α331.4, FIRST ),
the unweighted mean value is 0.73±0.16 (errors are the standard
error of the mean). See Table 4 for spectral index measurement
of the individual sources.
5.3. Radio continuum versus H2O disk-maser host galaxy
properties
5.3.1. Correlations with optical or near-infrared morphology
As mentioned before, H2O disk-masers are observed in
Seyfert 2s and LINERs (Table 2), that is, in spiral galaxies. We
adopted the morphological type in de Vaucouleur’s scale from
the HyperLeda10 database (Makarov et al. 2014). In this scale,
negative numbers represent ellipticals and positive numbers spi-
rals, with higher positive numbers representing later-type spi-
rals. The morphology of the galaxies in our sample lies between
S0 and Sc, with the exception of two galaxies that are classified
as ellipticals. However, accounting for uncertainties, these could
also be S0 galaxies. Fifteen (62%) of our galaxies are barred, and
9 (37%) contain a ring. Figure 3 presents 33 GHz continuum and
H2O maser luminosities versus the morphological type. Galax-
ies with both a bar and a ring in the central parts apparently have
lower radio continuum luminosities than those with only a bar.
It is well known that in the presence of a bar, gas will be driven
inward by angular momentum transport. This transport drives
turbulence within the gas that temporarily keeps it strongly grav-
itationally stable and prevents the onset of rapid star formation.
However, at some point, the rotation curve must transition from
an approximately flat to an approximately solid body, and the re-
sulting reduction in shear reduces the transport rates and causes
gas to build up, eventually producing a gravitationally unstable
region, a ring, that is subject to rapid and violent star formation
(e.g., Piner et al. 1995; Krumholz & Kruijssen 2015). The region
inside the ring might be characterized by a lower rate of inflow,
leading to less star formation and synchrotron emission of the
ambient gas as well as to a less active nucleus with a lower radio
luminosity. We note, however, that our finding is based on small
number statistics. Moreover, following the “stuff inside stuff”
scenario (Hopkins & Quataert 2010), there may be yet another
so far undetected bar inside the ring channeling material closer to
the center. Furthermore, not in all our sample galaxies searches
for a bar or ring have been performed. Additional morphological
studies (see, e.g., Greene et al. 2010; Riffel & Storchi-Bergmann
2011; Greene et al. 2013) would thus be highly desirable.
5.3.2. Position angle and inclination
For four galaxies in our sample maser disk inclinations have
been reported, with values between 84◦ and 90◦ (Kuo et al.
2011). This inclination range for the maser disk should hold for
the entire sample. In spiral galaxies, the inclination of the central
region is independent of the inclination of the large-scale disk
(Ulvestad & Wilson 1984; Nagar & Wilson 1999; Kinney et al.
2000). Apparently, this is also the case for circumnuclear disks
and bars at galactocentric distances of several 100 pc (Greene
et al. 2014). Although the inclination of the H2O maser disks of
our sample is almost 90◦, the large-scale inclination of their host
galaxies can reach any value. In Table 4 we list P.A. and inclina-
tion of the galaxies taken from HyperLeda. The distribution of
the inclination is displayed in Fig. 4.
10 HyperLeda is a database for physics of galaxies. For more informa-
tion see: http://leda.univ-lyon1.fr
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Fig. 3: Top: 33 GHz radio continuum luminosity versus morpho-
logical type. Bottom: H2O-maser luminosity versus morpholog-
ical type.
We also checked for possible relations between the H2O
maser luminosity and large-scale inclination, and for 33 GHz
continuum luminosity and large-scale inclination. As shown
in Fig. 5, no correlation is found. Of the four galaxies of our
sample in which jet-like features can be identified (NGC 591,
NGC 3393, NGC 4388, and UGC 3193; see Fig. 1), one source
has also been observed with high resolution by the MCP in the
22 GHz H2O line. This galaxy is NGC 4388, where Kuo et al.
(2011) found an edge-on disk with a P.A. (blueshifted side) of
107◦. As stated in Sect. 4.1, our supposed jet with a P.A. = 24◦
± 54◦ appears to be perpendicular to the maser disk. Inspecting
the image shown in Fig. 1, the formal error in this position angle,
accounting for all the emission seen, may well overestimate the
actual uncertainty. The other interesting case is NGC 2273 (see
again Sect. 4.1 and Fig. 1), where an angle not far from 90◦ is
also likely.
5.3.3. Stellar velocity dispersion and circular velocity
The discovery of a correlation between SMBH mass and the
velocity dispersion of the bulge component of bright elliptical
galaxies, together with similar correlations with bulge luminos-
ity and mass, led to the widespread belief that SMBHs and
bulges coevolve by regulating each other’s growth (e.g., Kor-
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Fig. 4: Distribution of the inclinations of the galactic large-scale
disks.
mendy & Ho 2013). However, by studying less luminous spi-
ral galaxies and making use of the quite accurately determined
SMBH masses of H2O megamaser galaxies, it has become clear
more recently that the relationship between MSMBH and veloc-
ity dispersion has a larger scatter and more structure than was
originally thought (Greene et al. 2010; Sun et al. 2013; Greene
et al. 2016). In particular, it seems (although still based on small
number statistics) that the megamaser galaxies may show a dif-
ferent scaling relation than galaxies of similar size and Hubble
type studied at other wavelengths, possibly indicating an obser-
vational bias in either the masing or the non-masing galaxy sam-
ples. It is thus essential to look deeper into this apparent scatter
to shed more light onto the underlying physics that probably in-
volves inflow, black hole growth, and subsequent feedback.
We searched for possible relations between the 33 GHz lu-
minosity, the stellar velocity dispersion σ∗ , and the maximum
rotation velocity of the gas, Vrot. As shown in the bottom panel
of Fig. 6, σ∗ and 33 GHz continuum luminosity are not corre-
lated. Surprisingly, however, we find an anticorrelation between
the 33 GHz continuum luminosity and circular velocity of the
galaxies, with a correlation coefficient of –0.70 and an associ-
ated P-value of 0.0056. For a better understanding of the impli-
cations, we note that the HyperLeda rotation velocities are ob-
tained from Hi 21 cm line data and corrected for the inclination
of the main body of the respective galaxy. In spiral galaxies, Hi is
most prominent outside the cerntral region, so that here we com-
pare a central parameter with a parameter obtained from emis-
sion originating outside of the central region. How can these be
related? And why do we find an anticorrelation? The rotation
velocity of spirals tends to reach near-maximum values at r <∼
2 kpc (e.g., Hlavacek-Larrondo et al. 2011; Chemin et al. 2015),
while our images typically cover 1 kpc with most of the detected
emission arising from an even smaller region.
Following Safronov (1960), Toomre (1964) and Quirk
(1972), for a gaseous differentially rotating disk, the following
criterion must hold:
Q =
σgas κ
pi G Σgas
> 1,
with σgas denoting the velocity dispersion, κ the epicyclic fre-
quency, and G the gravitational constant. Σgas stands for surface
density. Thus, a higher rotational velocity keeps the disk more
Article number, page 11 of 18
A&A proofs: manuscript no. 30899_ap
10 20 30 40 50 60 70 80 90
Inclination [degree]
26
27
28
29
lo
g
L 3
3
G
H
z
[e
rg
s−
1
Hz
−1
]
Slope=-0.002±0.001
Intercept=27.98±0.05
Correlation Coeff=-0.03
P-value=0.91
10 20 30 40 50 60 70 80 90
Inclination [degree]
1
2
3
4
lo
g
L H
2
O
[L
¯]
Slope=-0.001±0.002
Intercept=1.82±0.14
Correlation Coeff=0.30
P-value=0.19
Fig. 5: Top: 33 GHz continuum luminosity versus large-scale in-
clination. Bottom: H2O-maser luminosity versus large-scale in-
clination of the galaxies. The dashed lines show linear fits to the
data points. The slope and intercept of the fits, the correlation
coefficient, and the P-value of the Spearman test, indicating the
likelihood that the two quantities are unrelated, are indicated in
a corner of each panel.
stable and less prone to fragmentation and subsequent star for-
mation, reducing radio continuum emission that is due to star
formation. More regular motion may also reduce accretion by
the AGN and the luminosity of the radio core. Nevertheless, this
may be a far-fetched explanation. Although the correlation is sta-
tistically convincing, we find the result surprising, and confirma-
tion is needed by measurements of more such galaxies by em-
ploying both lower and higher angular resolution to fully cover
the relevant linear scales.
5.3.4. Infrared versus radio luminosity
As pointed out by Diamond-Stanic et al. (2009), the radio lumi-
nosity can be an indicator of the AGN isotropic luminosity. On
the other hand, in Seyfert 2 galaxies, the UV/optical photons of
the AGN are absorbed by the circumnuclear dusty torus and are
re-emitted in the mid-IR. Therefore the mid-IR photometry can
also be used as an indicator of the AGN activity (e.g., Stern et al.
2012; Fiore et al. 2008; Georgantopoulos et al. 2008). Hence
we investigate the radio to mid-infrared correlation of our disk-
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Fig. 6: Top: Radio continuum versus circular velocity (from Hy-
perLeda). Bottom: Radio continuum versus central stellar veloc-
ity dispersion. ”Central” refers to standardized aperture rnorm of
0.595 h−1kpc, which is equivalent to an angular diameter of 3.4
arcsec at the distance of the Coma cluster. The lines show lin-
ear fits to the data points accounting for errors along both axes.
The slope and intercept of the fit, the correlation coefficient, and
the P-value of the Spearman test (see also Fig. 5) are shown in a
corner of each plot.
maser sample, since both bands can be indicators of the total
AGN power. As shown in Fig. 7, a weak correlation with corre-
lation coefficient of 0.30 is observed.
5.4. Radio continuum, X-ray, and IR luminosities versus
maser-disk properties
5.4.1. H2O maser luminosity
Since the AGN luminosity is most likely the power source
for H2O megamasers (Lo 2005), we expect correlations be-
tween AGN luminosity and H2O maser luminosity. For example,
Henkel et al. (2005) reported a correlation between far-infrared
(FIR) and H2O maser flux densities for maser sources that are
related to either star-forming regions or AGNs. We also observe
a weak correlation between IR and H2O maser luminosity with
a correlation coefficient of 0.63. Henkel et al. (2005) proposed
that for the case of maser emission associated with AGN, the ob-
served correlation between IR and H2O maser luminosity can be
Article number, page 12 of 18
Kamali et al.: Radio continuum of galaxies with H2O megamaser disks: 33 GHz VLA data
43 44 45 46
log LIR (22 µm) [erg s−1 ]
27
28
29
lo
g
L 3
3
G
H
z
[e
rg
s−
1
Hz
−1
]
Slope=6.71±6.37
Intercept=-274.12±285.99
Correlation Coeff=0.30
P-value=0.18
Fig. 7: Radio luminosity versus infrared luminosity (WISE
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for errors along both axes. For the inset in the upper left corner,
see the caption to Fig. 5.
related to the existence of spatially extended dust-rich bars that
fuel the central engine. Our observed weak positive correlation
between the mass of the central engine and the H2O maser lumi-
nosity (see Sect. 5.4.3) may support the suggestions of Henkel
et al. (2005). However, we do not detect such a relation between
H2O maser and radio (33 GHz and 1.4 GHz) luminosities, or be-
tween H2O-maser and hard X-ray luminosities (see Fig. 8).
Van den Bosch et al. (2016) reported a weak correlation be-
tween maser and [OIII] luminosities from studying all maser
sources, while this correlation vanishes when only the disk
masers are considered. Kondratko et al. (2006a) also reported
a possible correlation between soft X-ray (2-10 KeV) and maser
luminosities, where again most of the correlation is due to the
non-disk masers. More investigations to determine possible cor-
relations between soft X-ray (2-10 KeV) and H2O maser lumi-
nosity for a sample of 14 disk-maser galaxies were carried out by
Castangia et al. (2013). They did not find any correlation either.
Following Van den Bosch et al. (2016), the disk-maser galaxies,
even though they cover a range of two orders of magnitude in
isotropic maser luminosity, may be quite similar with respect to
galaxy and SMBH mass. Their properties do not provide a suf-
ficiently broad range of parameters, given the constant surface
density predicted by Neufeld et al. (1994) and the similar sizes
(∼0.5 pc) for most of the masing disks. The reason that we do
not see correlations between H2O maser and hard X-ray or radio
luminosities might be that the small differences in the disk incli-
nation angle and/or different support through seed photons from
the nuclear continuum (which are probably responsible for the
strong systemic maser features in NGC 4258 (Herrnstein et al.
1998)) may lead to significant scatter that efficiently hides any
expected correlation.
5.4.2. Maser-disk radius
An empirical upper envelope for a scaling relation between
MSMBH and the outer radii of the megamaser disks, rmax = 0.3 ×
MSMBH/107 M, was reported by Wardle & Yusef-Zadeh (2012)
for 12 disk maser sources. We have searched for additional rela-
tions associated with disk radii (see Table 4), addressing a con-
nection to radio, IR, and X-ray luminosity. Recently, Masini
et al. (2016) have searched for correlations between the ratio of
inner and outer radii and X-ray luminosity in the 2-10 keV band
for 14 disk-maser sources. They did not find any clear correla-
tion.
Although it is more plausible to see correlations at high ra-
dio frequencies (where mainly the core that is directly related to
the AGN may be seen) than at low frequencies (where the possi-
ble presence of jets with steep spectra might cause the emission
to be less correlated with the maser disk size), we do not find
a large difference (see Fig. 9). The strongest correlations appar-
ently belong to the radio luminosities versus the disk inner ra-
dius (correlation coefficients of 0.87 and 0.73 for 1.4 GHz and
33 GHz, respectively) and disk outer radius (correlation coeffi-
cients of 0.40 and 0.54 for 1.4 GHz and 33 GHz, respectively).
Generally, as seen in Fig. 9, the disk inner radii show stronger
correlations with luminosity than the disk outer radii.
This may suggest that the core has a greater influence at the
inner than at the outer radii, where disk warping, star formation,
or peculiar density distributions may reduce the direct impact
of the SMBH. However, Gao et al. (2017) found a correlation
between maser disk outer radius (and not the inner radius) and
WISE IR luminosity at Band 3 (λ=12 µm), with a Spearman rank
correlation coefficient of 0.83.
Within this context, it should be noted that our radio lumi-
nosities trace the 100 pc scale, so that any relation with proper-
ties of sub-pc maser disks requires follow-up investigations with
higher resolution.
5.4.3. Black hole masses
As mentioned in Sect. 5.3.3, relations between MSMBH and other
properties of galaxies have extensively been studied in recent
decades (e.g., Kormendy & Ho 2013). Accurate measures of the
black hole masses are essential to study such relations.
In nearby galaxies, VLBI observations of masers with high
angular resolution provide a direct and precise measurement of
the MSMBH (see Miyoshi et al. 1995; Herrnstein et al. 1999;
Humphreys et al. 2013). The MCP has provided precise mea-
sures of the MSMBH for 13 galaxies (Kuo et al. 2011; Braatz et al.
2015a; Gao et al. 2017). In Fig. 10 we present MSMBH versus the
continuum luminosity for these galaxies. The strongest corre-
lation is seen for H2O maser luminosity versus MSMBH with a
correlation coefficient of 0.33. For continuum luminosities, no
significant correlation is observed. We should nevertheless keep
in mind that a sample of 13 galaxies is small for statistical con-
siderations.
6. Summary
VLA observations of 24 mostly Seyfert 2 galaxies with edge-on
H2O megamaser disks were obtained at Ka band (29–37 GHz)
to investigate the radio continuum emission from the center of
these galaxies with ∼0.2-0.5 arcsec resolution. With respect to
the distance distribution of the sample galaxies, this corresponds
to a linear resolution on the order of 100 pc. Out of 24 galax-
ies, 21 show radio emission at a 4.5σ or higher level, giving a
detection rate of 87%. Almost all of the galaxies contain com-
pact cores with beam-convolved (and deconvolved) major axes
smaller than 2.5 times the beam major axis, which even holds
for most of the sources with more complex structure. NGC 591
exhibits two main components, and NGC 3393 even three main
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Spearman test are shown in the upper left corner of each plot.
components, which is indicative of >100 pc scale radio jets. Four
additional galaxies have extended structure, possibly also reveal-
ing jet-like features, but the majority shows a single compact
emission region.
The radio continuum luminosity at 1.4 GHz, 22 GHz H2O
maser luminosity, infrared luminosity (22 µm), the hard X-ray
luminosity (20-100 keV), optical or near-infrared morphology,
position angle and inclination of the host galaxies, and their stel-
lar velocity dispersions and circular velocities, maser-disk radii
and black hole masses were taken into account for the further
analysis of disk-maser host galaxy properties, as summarized be-
low.
Only for one source in our sample with a jet-like 33 GHz
continuum feature (NGC 4388) is the H2O maser-disk orien-
tation known. The relative orientation appears to be orthogo-
nal. NGC 2273 may show a similar scenario, but here align-
ments are less certain. Galaxies with inner rings appear to ex-
hibit less 33 GHz emission than those without. The maximum
rotation velocity of the disk-maser host galaxies appears to be
anticorrelated with 33 GHz radio continuum luminosities, with a
Spearman rank correlation coefficient of –0.70. The 33 GHz ra-
dio continuum shows a weak correlation with IR luminosity at
22 µm derived from the WISE satellite. The H2O maser lumi-
nosity does not exhibit any correlations with the radio (1.4 GHz
and 33 GHz) or hard X-ray luminosities. The black hole masses
show stronger correlations with the H2O maser luminosity than
with the 1.4 GHz, 33 GHz, or hard X-ray luminosities. The H2O
maser-disk inner radii show stronger correlations with 1.4 GHz,
33 GHz, and hard X-ray luminosities than the disk outer radii.
The strongest correlation is found with low-frequency 1.4 GHz
radio data.
Further studies with higher spatial resolution would be
highly desirable to reveal the nature of the detected 33 GHz con-
tinuum sources, to identify and map jets on scales <∼100 pc, and
to better distinguish between radio emission arising from the
AGN and that from surrounding star-forming regions.
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Fig. 9: Maser disk inner (left) and outer radius (right) versus 1.4 GHz continuum luminosity. The inner and outer radii are taken
from from Kuo et al. (2011), Braatz et al. (2015a), and Gao et al. (2017). The black dashed lines are linear fits to the data. The slope
and intercept of the fit, as well as the correlation coefficient and the P-value of the Spearman test (see also Fig. 5) are shown in a
corner of each plot.
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Fig. 9: (cont.) Maser disk inner (top left) and outer radius (top right) versus 33 GHz continuum luminosity. Maser disk inner
(middle left) and outer radius (middle right) versus IR luminosity, deduced from WISE 22 µm data. Maser disk inner (bottom left)
and outer radius (bottom right) versus hard X-ray luminosity.
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Fig. 10: Top left: 33 GHz continuum luminosity versus black hole mass. Top right: 1.4 GHz luminosity versus black hole mass.
Middle left: H2O-maser luminosity versus black hole mass. Middle right: IR luminosity (WISE 22 µm data) versus black hole
mass. Bottom: Hard X-ray luminosity versus black hole mass. Black hole masses are given on a logarithmic scale in units of solar
mass, taken from Kuo et al. (2011), Braatz et al. (2015a), and Gao et al. (2017). The lines show linear fits to the data. The slope and
intercept of the fit, as well as the correlation coefficient and the P-value of the Spearman test (see also Fig. 5) are shown in a lower
corner of each panel.
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